Objective: To evaluate the 4-year risk of high intraocular pressure (IOP) and associated factors in a black population without glaucoma at baseline. Design: Population-based incidence study.
30% had an IOP of 21 mm Hg or lower. Among the remaining 2495 participants, the incidence of IOP higher than 21 mm Hg or treatment (80th percentile) was 12.9% (95% confidence interval, 11.7%-14.3%). Using other definitions of elevated IOP, estimates ranged from 1.5% to 11%. Incidence increased with age, with rates 2.5 times higher at 70 years or older than at ages 40 to 49 years. Factors associated with high IOP included age, baseline IOP, hypertension, and blood pressure. Whereas participants with an IOP between 21 mm Hg and 28 mm Hg had higher blood pressure readings, those with an IOP of 21 mm Hg or lower or an IOP higher than 28 mm Hg had similar values.
Conclusions: Definitions of high IOP based on percentiles may be more applicable than those based on arbitrary values. Older individuals with a higher baseline IOP were more likely to develop elevated IOP after 4 years. Although blood pressure was also associated with high IOP, the relationship may be nonlinear.
Arch Ophthalmol. 2003; 121:856-862 E LEVATED INTRAOCULAR pressure (IOP) is often associated with open-angle glauc o m a ( O A G ) a n d w a s formerly included among the criteria for defining OAG. 1 Although individuals with high IOP are at increased risk for OAG, most will never develop the disease. 1, 2 In addition, a growing body of evidence indicates that the risk factors for high IOP are not necessarily the same as for OAG, 3, 4 further suggesting that these conditions have separate etiologic mechanisms.
Factors reported to be associated with elevated IOP include older age, 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] sex, 3, 6, 7, 10, 12, 14, 15 African ancestry, 3, 11 blood pressure (BP), 1, 3, 5, 7, 10, 11, [13] [14] [15] [16] [17] pulse rate, 3 diabetes, 1, 3, 11, 13, [18] [19] [20] [21] [22] obesity, 3, 8, 10, 14, 23, 24 use of alcohol, 3, 4, 17 smoking, 3 seasonality, 3 myopia, 4 iris color, 4 nuclear sclerosis, 4 and a family history of glaucoma. 3, 4, 6, 10 These factors have been identified primarily through cross-sectional studies, with few analyses based on longitudinal data. To our knowledge, there have been no reports on the incidence of high IOP and its risk factors among populations of African descent. An important issue concerns the definition of high IOP; the traditional cutoff of higher than 21 mm Hg 1 used in many studies may not be suitable for all populations. This study used percentile-based cutoff values to evaluate the 4-year incidence and respective risk factors for elevated IOP (in the absence of glaucoma) in a predominantly black population.
METHODS
The Barbados Eye Study 25 (BES) (1988) (1989) (1990) (1991) (1992) ) was a population-based study aimed at determining the prevalence and risk factors for the major causes of visual loss in the predomi- nantly Afro-Caribbean population of Barbados. As presented in detail previously, the cohort was identified through a simple random sample of the country's adult population, which included people aged 40 to 84 years. Four years later, survivors were reexamined in the Barbados Incidence Study of Eye Diseases (BISED) (1992-1997), 26 and 3427 (85%) of those eligible participated: 3193 were of African descent, 139 were of mixed descent (black and white), and 95 were white or of another self-reported racial background. Our results are based on black participants only, given the small number of subjects in other racial or ethnic groups. The studies were funded by the National Eye Institute (Bethesda, Md) and included a Coordinating Center (School of Medicine at Stony Brook, Stony Brook, NY), Data Collection Center (Bridgetown, Barbados), and Fundus Photography Reading Center (The Johns Hopkins University, Baltimore, Md).
EPIDEMIOLOGY
The protocols for both the BES and BISED have been described in detail elsewhere. 25, 26 To summarize, the examinations included anthropometric and BP measurements, bestcorrected visual acuity measurements with a Ferris-Bailey chart, 27 Humphrey automated perimetry (Allergan-Humphrey, San Leandro, Calif), lens gradings (Lens Opacities Classification System II), 28 venipuncture for glycated hemoglobin, bilateral color stereo fundus photography of the optic disc and macula, and an extensive interview including demographic information and medical, ocular, and family histories as well as other risk factor data. A Goldmann applanation tonometer was used to record the IOP, and the IOP data presented are based on the average of 3 measurements (highest value in either eye). Individuals with an IOP higher than 21 mm Hg, abnormal perimetry results, a history of ocular abnormalities, incomplete lens gradings and/or photographic data, and a systematic 10% sample (regardless of ocular abnormalities) were referred for a comprehensive ophthalmologic evaluation. 25, 26 All participants provided informed consent for the examinations.
Definite OAG was defined by the presence of both visual field and optic disc pathologic characteristics after the exclusion of other possible causes. 25, 26 The IOP measurements were not considered in the definition of glaucoma. Individuals categorized as glaucoma suspects (GS) met some but not all of the criteria for OAG. The population at risk for developing elevated IOP included individuals without any type of glaucoma (OAG, GS, or other glaucoma), with an IOP of 21 mm Hg or lower OU, and who had received no IOP-lowering treatment at baseline. The 4-year incidence rate of high IOP was defined as the number of participants meeting various percentilebased IOP criteria (in at least 1 eye) at their BISED visit divided by the population at risk. In addition to the traditional cutoff value of 21 mm Hg (approximately the 80th percentile), elevated IOP was determined using the 95th, 90th, and 85th percentiles of the distribution of baseline IOP measurements among black participants. Personal, medical, and other characteristics were evaluated to determine possible associations with high IOP.
Personal characteristics included age, sex, religion, complexion pigmentation (ordinal scale from 1, very light, to 4, very dark), years of education, lifetime occupation, body mass index, and waist-hip ratio.
Medical factors included systolic and diastolic blood pressures (average of 2 measurements using a Hawksley random zero sphygmomanometer 29 ), hypertension (average systolic blood pressure [SBP] of 140 mm Hg or higher and/or diastolic blood pressure [DBP] of 90 mm Hg or higher and/or antihypertensive treatment), history of cardiovascular symptoms (heart attack, stroke, a major decrease in BP, or another heart condition), migraine history, glycated hemoglobin level, history of diabetes and treatment, smoking and alcohol use, regular use of nutritional supplements, corticosteroids, and aspirin.
Other variables investigated were family history of glaucoma, sunlight exposure, use of hats or sunglasses, and seasonal and diurnal effects on IOP.
Polychotomous logistic regression models were used to identify factors potentially associated with various levels of elevated IOP (representing the 80th to 95th percentiles). Participants with an IOP of 21 mm Hg or lower OU at follow-up served as the reference group for such comparisons. Factors found to be significant (PϽ.05) in at least 1 group in the initial univariate analysis were included in the subsequent multivariate models. Relative risks (RRs) and 95% confidence intervals (CIs) are presented based on the final polychotomous logistic regression model that included significant variables (PϽ.05) in any study group.
RESULTS
Of the 3193 black participants who attended the follow-up visit, 2856 were free of glaucoma or suspected glaucoma in either eye at baseline. Of these, 361 (12.6%) had an IOP higher than 21 mm Hg in at least 1 eye or were receiving IOP-lowering treatment; the remaining 2495 (87.4%) had lower IOP values in the absence of treatment. Incidence rates are based on these 2495 individuals. Among participants without glaucoma who had an IOP higher than 21 mm Hg or treatment at baseline, only 58% retained their original classification. Approximately 12% had glaucoma-related diagnoses at follow-up: 5% met the criteria for OAG, and 7% were classified as GS. However, 30% now had an IOP of 21 mm Hg or lower and were not receiving treatment. Table 1 lists similar data for the 2495 black participants without glaucoma or treatment and for those with an IOP of 21 mm Hg or lower at baseline, stratifying by IOP and treatment status at follow-up. Overall, approximately 84% retained the same classification 4 years later. About 3% had new glaucoma diagnoses: 18 participants (0.7%) were found to have OAG (most with an IOPϾ21 mm Hg), and 57 (2.3%) were diagnosed as GS (approximately half with an IOPϾ21 mm Hg). Of the remaining individuals without glaucoma, 12.9% had an IOP higher than 21 mm Hg and received treatment. Including participants with a diagnosis of glaucoma at followup, a total of 14.8% (369/2495) had an IOP higher than 21 mm Hg or were receiving IOP-lowering treatment 4 years later.
The distribution of IOP among black participants at baseline was as follows: mean±SD, 18.7±5.1 mm Hg; median, 18 mm Hg. The 95th percentile corresponded to an approximate mean IOP of 28 mm Hg, the 90th percentile to an IOP of 24 mm Hg, the 85th percentile to an IOP of 22 mm Hg, and the 80th percentile to an IOP of 21 mm Hg. follow-up or were receiving treatment, yielding half of the rate for the often-used criterion of an IOP higher than 21 mm Hg. The estimates based on high IOP alone vs high IOP or treatment were similar for all cutoff levels because of the low number of BISED participants receiving IOP-lowering treatment. Table 3 provides the age-and sex-specific rates of elevated IOP using cutoffs of 21 mm Hg and 28 mm Hg (approximately 80th and 95th percentiles, respectively). For IOP higher than 21 mm Hg, no differences were seen in the overall incidence rates by sex (13.3% vs 12.7%), although the age-specific rates tended to be slightly higher among men than women with the exception of the youngest age group. The incidence estimates also increased steadily with age. The rates almost doubled from ages 40 to 49 years and 50 to 59 years (7.4% vs 14.0%) and were 2.5 times higher among participants 70 years and older (18.7%). When IOP lower than 28 mm Hg was used as a cutoff, the overall rates were 2.3% and 1.5% for men and women, respectively, with an overall rate of 1.8%; rates were higher among men in all age groups. Among participants with an IOP lower than 28 mm Hg, the rates tripled from ages 40 to 49 years and 50 to 59 years (0.7% vs 2.3%) and were approximately 6 times higher among those 70 years and older (4.1%). Although a decrease was noted (in both men and women) for participants aged 60 to 69 years compared with those aged 50 to 59 years, this rate was based on small numbers. Table 4 lists factors found to be significant (PϽ.05) in a univariate polychotomous analysis stratified by 5 levels of elevated IOP. Age, baseline IOP, BP, BP treatment, pulse rate, diabetes history, level of education, and the use of a hat and/or umbrella were found to be significant. Significant differences (PϽ.05) between individual (elevated) IOP strata and the reference group (IOPՅ21 mm Hg) are indicated in Table 4 . Participants with an elevated IOP were 3 to 6 years older (based on mean values) than those with an IOP of 21 mm Hg or lower (reference group). Likewise, the mean baseline IOP was ; CI, confidence interval; IOP, intraocular pressure. *Participants with a follow-up diagnosis of glaucoma are excluded from the numerator. Participants with an IOP higher than 21 mm Hg or who were receiving treatment were in the 80th percentile, and those with an IOP higher than 28 mm Hg or who were receiving treatment were in the 95th percentile. The use of a hat or umbrella was significantly higher among participants with an IOP higher than 28 mm Hg or an IOP higher than 21 mm Hg but lower than or equal to 22 mm Hg compared with the reference group (IOPՅ21 mm Hg). This outcome may be attributable to sample size considerations because the result was based on few individuals. Additionally, in the BES population, older women were more likely to wear hats or carry umbrellas (PϽ.001). Therefore, the finding may also be related to an age-sex effect, a hypothesis supported by the nonsignificant associations in the following multivariate analysis. Table 5 gives the results of the multivariate polychotomous model, with RRs and 95% CIs provided for each IOP stratum and significant factor (PϽ.05). Age, baseline IOP, and SBP and DBP measurements were maintained in the final models, with age and baseline IOP yielding significant differences from the reference group for all levels of IOP higher than 21 mm Hg. Hypertension also yielded a significant result (RR=1.87; 95% CI, 1.25-2.79) when comparing the group with an IOP higher than 22 mm Hg but less than or equal to 24 mm Hg with the reference group. The group with an IOP higher than 21 mm Hg but less than or equal to 28 mm Hg tended to have an increased number of participants with hypertension compared with the reference group, whereas that with an IOP higher than 28 mm Hg did not. Comparable findings were noted for SBP and DBP. There were no significant differences in SBP or DBP between participants with an IOP higher than 28 mm Hg and the reference group, a comparison based on small numbers. There is little variability in the RRs, regardless of the IOP *N = 2393. Analysis excludes participants with any diagnosis of glaucoma or who were receiving IOP-lowering treatment at follow-up; IOP of 21 mm Hg or lower is the reference group. Significance was defined as PϽ.05. †Hypertension was defined as systolic blood pressure of 140 mm Hg or higher or diastolic blood pressure of 90 mm Hg or higher or antihypertensive treatment.
‡Results are from separate models including age and baseline IOP.
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COMMENT
To our knowledge, this is the first report that has investigated the 4-year incidence and related risk factors associated with elevated IOP in a black population according to various definitions. The results contribute to our knowledge of the natural history of individuals with and without an IOP higher than 21 mm Hg. They highlight the issues involved in defining high IOP and provide incidence estimates according to percentile-based cutoffs (Table 2) . Our findings support the roles of age (Table 3) , baseline IOP, and BP as factors influencing the 4-year risk of developing high IOP (Tables 4 and 5 ). Of these factors, age and baseline IOP were significant (PϽ.05) regardless of IOP strata, whereas the BP variables were not significant among participants with an IOP higher than 28 mm Hg at follow-up (Table 4) . A discussion of these findings follows.
In individuals without glaucoma, ocular hypertension is often defined by a standard cutoff of IOP higher than 21 mm Hg. Using this cutoff, only 58% of participants retained the same classification after 4 years, indicating that this IOP threshold had a low specificity for defining high IOP in this study. This finding is partly explained by the fact that approximately 12% of the group progressed to GS or OAG in contrast to about 3% in the group with a lower IOP (Table 1) , confirming the increased glaucoma risk (about 1% per year). To a larger extent, it was due to a lowering of the original IOP; 30% of participants were subsequently found to have an IOP of 21 mm Hg or lower without treatment, a finding at least partly explained by regression to the mean. Therefore, although this classification identified a group at increased risk for glaucoma, almost one third of these individuals did not maintain these IOP levels after 4 years of follow-up.
The applicability of the cutoff of 21 mm Hg to define ocular hypertension is particularly questionable for our cohort because this value approximated the 80th percentile of the baseline IOP measurements, and the 4-year incidence of those with an IOP higher than 21 mm Hg or receiving treatment was rather high (Table 2) . Perhaps a more appropriate definition would be based on participants with an IOP in the 95th percentile of the distribution, leading to a lower incidence rate. Other levels such as the 90th or 85th percentiles may also be appropriate for the purposes of defining high IOP in this population and others. The rationale is similar to that suggested by Wolfs et al 30 for defining OAG; that is, using the upper percentiles for changes in visual field and optic disc pathologic characteristics because such criteria establish a quantitative basis for defining disease.
Using IOP cutoffs of 21 mm Hg, 22 mm Hg, 24 mm Hg, and 28 mm Hg (representing approximately the 80th, 85th, 90th, and 95th percentiles, respectively), the final multivariate models identified age, baseline IOP, hypertension, and BP variables as being associated with IOP at follow-up (Table 5) . These results are consistent with a longitudinal analysis of changes in IOP in the BES cohort during a 4-year period. 11 Although diabetes history was a significant predictor of IOP changes in that study and was also significant in our univariate analysis (Table 4) , it was not maintained in the final model. The difference is most likely related to the use of absolute cutoffs in the analyses in this study vs factors linked to IOP change in the previous analyses. Although OAG was more common in men than women in the BES 25 and the incidence of high IOP tended to be higher among men (Table 3) , sex was not found to be a significant factor in the regression analyses (Tables  4 and 5 ). The association between baseline IOP and subsequent incidence of high IOP is an expected finding.
Most studies report a positive relationship between increasing age and elevated IOP. 3, 5, 7, 11, 13, 31, 32 However, some studies have found a negative association 4, 8, 10, 15, 23 or no association at all between age and IOP. 33 It has been hypothesized that these inconsistent findings may be attributable to population differences or other factors relating to the accuracy of the tonometry measurements. Foster et al 34 point out that applanation tonometry may underestimate IOP in Asian populations, possibly resulting in a compromised ability to detect elevations in IOP with age. Racial differences in IOP 4, [6] [7] [8] [9] [10] 12, 15, 29, 35 as well as measurement differences in IOP relating to central corneal thickness 36 may also play a role in explaining the discrepant findings. This study supports the findings from the population-based BES 3, 11 and others in which a positive association between increasing age and IOP was reported. Physiological factors such as a reduced production of aqueous humor in elderly individuals and the onset of structural changes in the trabecular meshwork have been proposed to explain the positive relationship with IOP in older age groups. 37, 38 These may not be the only explanations, however. Although mean IOP increased with age in the Health and Nutrition Examination Survey, 7 SBP was the variable most highly correlated with IOP, followed by age. Additionally, increases in IOP among older individuals were attributed to a concomitant elevation in systemic BP in a Swedish population, 16 thus raising questions about the mechanisms by which age and BP contribute to a rise in IOP.
Although several studies have reported an association between BP and elevated IOP, the true relationship is still not well understood. The Framingham Eye Study, 39 Health and Nutrition Examination Survey, 7 and others 14 reported that SBP represented the greatest contribution (among all variables included in the models) to IOP in multiple regression analyses. Numerous other studies have corroborated the association between IOP and SBP. 3, 5, 10, 11, 16, 32, 33 Fewer studies have reported an association between DBP and IOP. 1, 10, 11, 14, 17 Although most of these reports were based on cross-sectional or casecontrol studies, longitudinal increases in systemic BP have been documented. 11, 31, 33 Findings from this study indicate that both SBP and DBP are associated with elevated IOP. This analysis differs from others by investigating these BP variables at various levels of IOP. We found that although SBP and DBP are generally higher among individuals with elevated IOP (as opposed to those with an IOPՅ21 mm Hg), the group representing the highest percentile (IOPϾ28 mm Hg) had hypertension and BP values similar to the reference group (IOPՅ21 mm Hg). Thus, whereas 64% to 69% of participants with an IOP between 21 mm Hg and 28 mm Hg were found to have hypertension, the frequency of hypertension was lower and comparable in those with an IOP higher than 28 mm Hg and in the reference group (45% and 47%, respectively). A similar inverted U-shaped distribution for SBP and DBP, respectively, was noted among the groups with increasing IOP. This finding may be the result of a sample size issue because the group with an IOP higher than 28 mm Hg included only 38 individuals. However, the decrease in BP at the highest level of IOP may also represent a true finding. It is unclear, however, why hypertension would be less frequent and BP lower among individuals with the highest IOP measurements at followup. This finding could possibly be the result of a survivor effect; that is, these individuals probably are older, have less diabetes and hypertension than expected, and are healthier than their similarly aged peers who have died. Nevertheless, this finding requires further investigation in other populations.
Hypertension, high SBP, and high DBP were not positively associated with OAG in the BES or its 4-year followup. 40, 41 Therefore, although there is a known relationship between OAG and IOP and there is evidence of an association between BP/hypertension and elevated IOP, the interrelationship requires further elucidation. It has been proposed that an increase in BP may induce an increase in aqueous humor production, thus explaining the relationship between BP and IOP. 14, 42 Another explanation is that elevated IOP may be thought of as a physical equilibrium state in response to high BP, a relationship that does not exist in glaucoma, and may involve a compromised vascular autoregulation mechanism. 8, 39 The involvement of perfusion pressure (BP minus IOP) has also been proposed to explain some of these findings; high BP may protect against glaucoma by causing adequate perfusion pressure. 17 Longitudinal analyses of the BES cohort suggest a decreased OAG risk with hypertension as well as a strong relationship between low perfusion pressure and OAG risk. 42 Although these results are consistent with the role of vascular factors, the interaction between BP, IOP, and OAG remains unclear and requires additional investigation.
CONCLUSIONS
This longitudinal study provides information on IOP during a 4-year period and documents the challenges of defining high IOP. Definitions based on percentile values may be used more frequently in future studies; a cutoff of 21 mm Hg (80th percentile in this population) may not be the most appropriate threshold for all populations. Regardless of the definition, age, baseline IOP, and BP variables were the main factors associated with the risk of developing elevated IOP during a 4-year period. The nonlinear relationship found between BP and IOP requires further investigation. Additional studies are needed to help elucidate the complex interrelationship between SBP, DBP, and IOP because the true mechanism for the development of high IOP with respect to BP remains unclear.
